[1] We use detailed multispacecraft observations to study the interaction of an interplanetary (IP) shock with the bow shock of the Earth on August 9-10, 1998. We can distinguish four different phases of particle acceleration in the shock-shock interaction:
Introduction
[2] Collisionless shock waves are an essential source of energetic particles in the heliosphere and beyond [Stone and Tsurutani, 1985] . While most studies address the physics of a single shock, shock-shock interactions are also of importance. Interplanetary (IP) shocks traveling in the solar wind frequently hit planetary bow shocks. Subsequent Coronal Mass Ejections (CMEs) can interact in the inner heliosphere while they travel toward the Earth [Lugaz et al., 2008] . In the outer heliosphere, shocks associated with Co-rotating Interaction Regions (CIRs) are observed to merge [Burlaga, 1993] . Furthermore, Gómez-Herrero et al. [2011] have reported observations of possible Interplanetary CME-CIR interactions affecting the observed energetic ion fluxes at 1 AU.
[3] An early work on shock-shock interaction and energetic particles was the study by Scholer and Ipavich [1983] . They compared the flux of 30-157 keV ions observed by ISEE-1 close to the bow shock of the Earth to the flux observed by ISEE-3 far upstream, during the passage of an IP shock. During the shock crossing, ISEE-1 detected a peak-like enhancement of the flux, but this peak was not seen in the ISEE-3 profiles. According to their interpretation, the peak was a result of particles upstream of the IP shock undergoing further acceleration at the bow shock. Reacceleration of energetic electrons in a similar setup with Geotail and Wind was briefly reported by Terasawa et al. [1997] .
[4] Later, particle acceleration in shock-shock collisions was investigated by Cargill [1991] . They used a onedimensional hybrid simulation with a quite small box size (for typical solar wind parameters it was a few Earth radii). Consequently the interaction time of the shocks was short and the energy gain of the particles rather small. More recently, Lembège et al. [2010] have analyzed collisions between quasi-perpendicular non-stationary shocks using a 1D full particle-in-cell simulation.
[5] In the laboratory, proton and deuteron acceleration has been studied in the collision of two quasi-perpendicular magnetosonic shocks. Dudkin et al. [1992] [see also Dudkin et al., 1995] used a specific geometry where two low Alfvén Mach number shocks collided at a fixed angle, with the background magnetic field lying between the two shock fronts. The energy of the accelerated ions streaming along the magnetic field reached 1-10 MeV.
[6] In this paper, we present a detailed analysis of particle acceleration in the interaction of an interplanetary shock with the bow shock of the Earth. We first describe the main features of the multispacecraft data and the general characteristics of the IP shock in section 2. Section 3 discusses the more detailed results of our analysis on the magnetic field structure and the energetic particle populations. Discussion and conclusions are given in section 4.
IMP-8, Geotail, and Interball-1. At the time ACE was located near the Lagrangian point L1, and Wind between L1 and the Earth, while IMP-8, Geotail, and Interball-1 were in front of the Earth's bow shock, at dusk-side, nose, and dawn-side, respectively ( Figure 1 ). The IP shock passage, which took place between 00:06:29 UT and 00:48:48 UT on August 10, has been previously investigated by Szabo [2005] , by Prech et al. [2009] , and recently by K. Andréeová et al. (manuscript in preparation, 2011 ; hereafter referred to as Andréeová et al., manuscript in preparation, 2011 ) from points of view other than particle acceleration.
[8] On August 9, the evening before the passage of the IP shock, the spacecraft observed a tangential discontinuity (TD) in the interplanetary magnetic field (IMF). The discontinuity had a normal vector n TD = (−0.33, −0.58, 0.74) GSE and speed v TD = 120 km/s (obtained using 4-spacecraft timing together with magnetic field considerations). The IMF turned from its typical direction of 45°with the X GSE axis to a quasi-radial direction with an angle of a little over 20°. Due to this new IMF configuration, most of the dayside of the bow shock was quasi-parallel from 18:30 UT until the IP shock crossing.
[9] At a quasi-parallel shock [see, e.g., Burgess et al., 2005] , the reflected particles can stream against the solar wind flow and interact with the incident plasma over long distances. The interaction triggers instabilities and creates multiple types of waves in this region called the foreshock. The foreshock is most pronounced for a strong bow shock and when the upstream magnetic field is aligned with the solar wind velocity, i.e., during radial IMF [e.g., Omidi et al., 2009] . In the event under study, the solar wind speed was ∼400 km/s, and the bow shock had an Alfvén Mach number M A ∼ 8. The foreshock extended far to the solar direction due to the quasi-radial IMF. Both Interball and Geotail measurements show foreshock type plasma properties.
[10] During the first hour of August 10, the fast forward IP shock of M A ∼ 2.5 (in the solar wind frame) traversed the near-Earth space, driven by an interplanetary CME. The IP shock crossed first ACE and Wind, then IMP-8, Geotail, and Interball-1, in that order, and thus hit the bow shock from the dusk flank. A detailed analysis of the magnetic field and plasma measurements of the different satellites will be presented by Andréeová et al. (manuscript in preparation, 2011) . Figure 1 summarizes the spacecraft locations, the shock crossing times, and the shock normal vectors (calculated using the Minimum Variance Analysis, magnetic coplanarity and four-spacecraft methods). We estimate that the shock speed at different spacecraft was between 310 and 365 km/s. Given the differences of the normal direction observed by the spacecraft (Figure 1 ), the IP shock was somewhat rippled at a few R E scale [see also Szabo, 2005] . According to our analysis, IP shock hit the flank of the bow shock at 00:40:50 ± 40 s (UT).
[11] Figure 2 shows the energetic particle observations between 00:00 UT on August 9 and 06:00 UT on August 10 from three satellites: EPAM-LEMS120 and LEMS30 instruments on ACE [Gold et al., 1998 ], 3DP-SST instrument on Wind [Lin et al., 1995] , and EPIC-ICS instrument on Geotail [Williams et al., 1994] . For ACE, the profiles for the two lowest energy channels show only the LEMS120 measurements because the relevant channels at LEMS30 were contaminated by sunlight. The solar wind speed and IMF measurements obtained by plasma and magnetic field instruments onboard the spacecraft are shown for reference. The black dashed line depicts the tangential discontinuity observed at 17:19:13 UT by ACE, at 17:58:33 UT by Wind, at 18:23:56 UT by Geotail, and at 18:03:48 UT by IMP-8 (not shown). Before the discontinuity, the flux level of E > 100 keV particles was approximately the same for all three spacecraft (given the slightly different limits of the energy channels), as well as for IMP-8 (not shown). The particle intensity profiles show a slow increase in the lower energy channels after 12:00 UT on August 9, and then a sudden jump when the magnetic field turned radial.
[12] After the discontinuity until the shock passage (red dashed line), the flux profiles measured by the three spacecraft were quite different: ACE observed a flat profile and a small increase after the shock crossing. Wind data show a spiky profile and increasing fluxes after 22:00 UT with a sharp drop at the crossing. Geotail observed an otherwise similar profile as Wind, but there was a very prominent peak right at the shock crossing.
[13] We analyze and discuss these differences in detail in the following section, and interpret them to be consequences of different magnetic connectivity to the two shocks. A possible approach for the study would be to investigate the fluxes in the frame of reference of the solar wind. However, performing this transformation for the entire data set would be extremely laborious. Since our main interest in this IP shock event is shock-shock interaction, we want to find out whether the bow shock has a significant influence on the observed fluxes at different spacecraft. This is best seen by considering the data in the frame of the bow shock which is, in turn, well represented by the spacecraft frame. [14] The probability that any of the energetic particles studied here were of magnetospheric origin is small. The Dst index indicates that the magnetosphere was recovering from a storm induced by a previous CME passage. There was no substorm activity, indicated by the AE index ]100 nT. During the day following the IP shock passage (August 10), however, several substorms of AE ∼ 800 nT were triggered. Some of these were accompanied by energetic particle bursts in the few hundred-keV range seen by Geotail and partly by Wind as well (not shown).
Results

Magnetic Connection to the IP Shock and the Seed Population
[15] According to our analysis, the beginning of the quasiradial IMF on August 9 corresponds to the spacecraft moving into a flux tube that is connected to the IP shock front. Our analysis of the magnetic field is illustrated in Figure 3 , where we have drawn the spacecraft magnetic field measurements as "frozen-in" to the solar wind flow together with the backwards propagated shock front measurements. We also traced sunwards the field line passing through the spacecraft location after the tangential discontinuity, by assuming that the magnetic field depends on the X coordinate only. For a quasi-radial IMF configuration this is a reasonable assumption for a period of observations with no discontinuities.
[16] We find that in the XY GSE plane (Figure 3a) , the traced "frozen-in" magnetic field line is quite straight, and more radial than the nominal Parker spiral. Both linear (purple) and very long wavelength sinusoidal (green) fits are consistent with the data. The Z GSE -component, on the other hand, is well fitted with a sine wave of l ∼ 2200 R E (see Figure 3b ). This is of the same order as the observed magnetic field correlation length of a few thousand Earth radii [Matthaeus et al., 1986] . We interpret this fluctuation as a large scale Alfvén wave: The displacement of an Alfvén wave propagating radially outwards from the Sun in a quasiradial IMF is indeed in the direction perpendicular to the X GSE -axis. It would be interesting to investigate this further by, e.g., testing the correlation between the plasma velocity and the magnetic field components. Unfortunately, since the measured data covers less than one wavelength (the black line in Figures 3a and 3b) , the accurate determination of the background values of the magnetic field and the velocity required by the test would be very difficult.
[17] Figure 3 shows that before the tangential discontinuity, the magnetic field was approximately aligned with the IP shock front (Figure 3c ), while after the discontinuity, a connection could be established. Using the fit we can trace the magnetic field line sampled by the spacecraft (at a given time after the TD) all the way back to the IP shock, i.e., extrapolate over the ∼7 hours (DX ∼ 1600 R E ) of shocked magnetic field data. Assuming a planar IP shock, the connection was established at X ∼ 3300 R E . The part of the shock front passing later through the location of ACE was at the time at a distance of ∼2900 R E away from this point. The assumption of shock front overall planarity is justifiable at these distances, which are still rather small compared to the global scale of an ICME. In addition, the observed IP shock front is probably a flank section of the CME driven shock, since no clear ejecta/magnetic cloud was observed by the near-Earth spacecraft, probably only the edge of the CME [Jian et al., 2006] . Given the lack of SOHO observations, the CME source cannot be identified reliably, but presum- Figure 3 . Tracing the interplanetary magnetic field direction at 17:20 UT on August 9: the "frozen-in" magnetic field measurements of ACE (red) and Wind (blue) are represented by arrows, the dashed lines with corresponding color depict the backward propagated IP shock fronts (using a shock speed v s = 320 km/s), and the orange ellipsoid represents the model bow shock. The wide lines show the two traced field lines: (the cyan line) immediately before the tangential discontinuity and traced Earthwards, and (the black line) immediately after and traced sunwards. The fits are shown in purple (linear) and green (sine), see the text for details. Figure 3c illustrates the orientation of the IP shock front with the normal (the black arrow) calculated from ACE observations. The view angle is such that the planar (red) shock surface reduces to a (red) line. In addition, the shock plane has been moved to a suitable location (close to Earth) to compare its orientation with the magnetic field geometry.
ably it originated from the eastern limb of the Sun. The Yohkoh satellite observed the likely related flares at^70°f rom the Sun-Earth line in the ecliptic plane. The hypothesis of the flank is also supported by the orientation and the weakness (Mach number with respect to the fast MHD wave speed M f ∼ 1.5, compression ratio r ∼ 2.2) of the shock. By analogue to the planetary bow shocks, the flank is likely to be more planar than the bow.
[18] The IP shock had filled the new flux tube with a seed population of accelerated particles. In the energetic particle flux intensity data, the transition to this flux tube (black dashed line in Figure 2 ) appears as a sharp jump in the 50-580 keV energy channels of ACE. The pitch angle distributions, shown in Figure 4 , confirm that these particles were indeed coming mainly from the IP shock direction (small pitch angle during negative B X ).
[19] The detailed analysis of the slow rise of energetic particle flux observed before the TD from about 11:00-12:00 UT onwards is beyond the scope of this work. A local analysis indicates that the connection to the IP shock along the observed magnetic field direction is very weak (far away, Bn large). Hence we find it unlikely that the increasing flux would be due to the approaching of the shock front along the magnetic field line, although such a contact via a more complicated magnetic field configuration cannot be ruled out. We suggest that the slow rise is related to perpendicular diffusion of energetic particles from the new flux tube (after TD) to the previous tube (before TD). Yet, without knowledge of the history of the TD which is a "frozen-in" structure, it is not possible to accurately determine the perpendicular diffusion coefficient.
[20] Between the TD and the IP shock crossings, the flux levels observed by ACE stayed quite constant. According to our IMF modeling, the spacecraft was connected to a quasiperpendicular region of the IP shock, as shown in the last panel of Figure 4 . The two curves correspond to different fits to the Y GSE -component. (At the beginning of the interval, the fitted field line directions are different, but the angle with the shock normal is the same by chance.) In this quasi-perpendicular regime the injection threshold energy [Sandroos and Vainio, 2009] of the IP shock, moving at the speed of 100-150 km/s in the solar wind reference frame, was very high, 10 2 -10 4 eV, compared to the observed ion temperature of 2-6 eV. Consequently only suprathermal particles were accelerated. Later at the actual shock crossing, there is no significant jump in the energetic particle flux.
Reacceleration at the Bow Shock
[21] The flux tube became also connected to the bow shock. We compared the average level of energetic particle flux intensity measured by the different spacecraft after the discontinuity by using Geotail measurements as a reference. First we combined the fourteen energy channels of Geotail in a way to obtain the best match with those of Wind (Figure 2) , then in another way to match those of ACE (not shown). The difference in flux intensity between ACE and Geotail was much larger than between Wind and Geotail. We interpret this spatial gradient of the energetic particles to result from the bow shock reaccelerating the seed population produced by the IP shock: Geotail measured the highest fluxes, as it was in the foreshock of the bow shock and continuously connected to it. The flux observed by Wind was lower than by Geotail but highly variable. ACE measured the lowest flux since it was furthest away and not connected to the bow shock.
[22] The numerous spikes in Geotail and more prominently Wind flux profiles suggest that the connection to the Figure 4 . ACE energetic ion and magnetic field observations. From top to bottom: intensity of energetic particle flux in different energy channels (same energy windows as in Figure 2 , sector averages, two lowest channels from LEMS120 only), pitch angle cosine distribution of four channels in the spacecraft reference frame, the angle between the local magnetic field direction and the IP shock normal n ACE = (−0.51, −0.35, 0.78) GSE , and the angle between the fitted magnetic field line and the IP shock normal at the contact location, 'connection Bn IP ' (see text for details). The vertical black dashed line shows the beginning of the quasi-radial IMF (tangential discontinuity); the red one shows the time of the IP shock crossing.
bow shock varies intermittently due to the magnetic field fluctuations. The pitch angle distributions from Wind ( Figure 5 ) verify that between 18:00 and 22:00 UT the particles mainly came from the IP shock direction while the bursts generating the flux spikes came from the bow shock direction (large pitch angle). These bursts, though strongest in the hundred-keV range, extend up to a few MeVs.
[23] In order to further analyze the bursts, we modeled the Wind and Geotail magnetic connection to the bow shock by assuming straight magnetic field lines. It is easy to see that Geotail was very close to the bow shock, so this is a reasonable assumption. For Wind, we compared results obtained with straight field lines to those obtained using the traced field lines. There is no significant difference after 22:00 UT due to the long wavelength of the Alfvén wave. However, near the tangential discontinuity the field line tracing would require extrapolation, so the straight field lines are more suitable for our analysis.
[24] For the bow shock we use the model by Merka et al. [2005] with observed averaged upstream parameters u = 400 km/s, n = 4.5 cm −3 , and B = 5 nT. Before 22:00 UT, Wind's connection to the bow shock typically took place beyond the recommended spatial usage region of the model (X^−20 R E for our upstream parameters). Hence we calculated the compression ratio r of the bow shock at the contact point by solving the cubic equation [Priest, 1984, p. 202] for an oblique MHD shock (using purely radial solar wind velocity of 400 km/s and b 1 = 1.4 measured by Wind). We then accepted only connection points with r ≥ 2.
[25] In Figures 5 and 6 , we have plotted the angle between the magnetic field and the model bow shock normal Bn BS at the accepted connection points. For Wind, we can see that between 18 and 22 UT the modeled connection times match well with the observed bursts, and that the connection was made to a perpendicular region of the bow shock, as expected. We also calculated that the magnetosonic Mach number M MS at the connection points was between 2 and 3 for 18:00-22:00 UT. At such a supercritical shock there is a suprathermal ion population that can supply upstream ions.
[26] Our observations show similarities to those of Meziane et al. [1999] , who reported Wind measurements of two bursts of energetic ions (the first burst of up to ∼700 keV protons and the second burst of up to ∼1 MeV helium), when the spacecraft was modeled to be connected to the perpendicular bow shock flank and the ambient energetic particle population was provided by a CIR. Energetic particles originating from the vicinity of the bow shock can travel very long distances along the magnetic field lines, as is evident from the ion intensity enhancements called "upstream ion events". These ∼1-2 hour enhancements have been observed as far away as STEREO-A, separated from the Earth by ∼1750 R E and ∼3800 R E in the radial and lateral directions [see, e.g., Desai et al., 2008 , and the references therein].
[27] Geotail, in turn, was continuously connected to the bow shock after the TD crossing ( Figure 6 ). The connection point was near the nose of the bow shock and the connection angle Bn BS ∼ 40°. The pitch angle distributions show that the energetic particles were propagating in various directions. We thus conclude that the spacecraft was within or near the edge of the foreshock, which was particularly intense due to the quasi-radial IMF configuration.
[28] According to previous observations [Meziane et al., 2002] , the particle acceleration at the bow shock strongly depends on the angle Bn : the terrestrial bow shock does not accelerate particles to more than 200-330 keV energy without a pre-existing ambient population of E ≥ 50 keV. With a seed population, energetic particles are only seen up to E ∼ 550 keV in the upstream of a quasi-parallel shock, while for a nearly perpendicular shock, the limit is reported to be a few MeVs. Figure 4 for ACE, except that the third panel from the bottom shows the angle between the magnetic field and the model bow shock at the contact location, 'connection Bn BS ' (see text for details).
[29] In the event described here, the intensity of E > 550 keV particles observed by Wind and Geotail does increase immediately after the tangential discontinuity, but not significantly, since the seed population does not extend to so high energies. Geotail's connection to the quasiparallel part of the bow shock does not provide substantial amounts of MeV particles, in agreement with previous observations. The increasing omnidirectional fluxes at Geotail probably result from the first order Fermi acceleration discussed in the next subsection, and the particle distributions were made isotropic by the intense foreshock wave environment.
[30] The spikes observed by Wind, however, do extend to the MeV energy range. We conclude that the bursts consist of particles of the seed population that have been reaccelerated by reflection at the perpendicular flank of the bow shock. These bursts also offer an explanation to the larger omnidirectional flux observed by Wind. Even though Wind is not constantly connected to the bow shock between 18 and 22 UT, the bursts can reflect from the IP shock and become more isotropic while streaming back to the spacecraft and contribute to the overall flux.
First Order Fermi Acceleration of Trapped Particles
[31] Given the magnetic geometry of the event, we would expect to see the first order Fermi acceleration on the field lines connecting the two shocks: As the IP shock moved closer to the bow shock, the distance between the shocks (magnetic mirrors) became smaller and smaller. If the second adiabatic invariant remained constant, the parallel momentum of particles trapped between the shocks should have increased. In addition, the rate of acceleration should have increased toward the shock-shock collision, since the travel time of the particles from one shock to the other decreased.
[32] The flux profiles of Wind and Geotail agree well with this hypothesis. Geotail measured increasing fluxes for the whole interval from the tangential discontinuity to the shock crossing, Wind from 21:30 UT onwards, as it became continuously connected to the bow shock ( Figure 5 ). Also the rate of increase became higher the closer the IP shock moved. Since ACE observed flat profiles (Figure 4) , we can conclusively identify the closed geometry as the source of this increase.
[33] In the pitch angle distributions (Figures 5 and 6 ) it is possible to detect the expected two counter-streaming populations, although the bursts and the IP shock crossing are more pronounced features. At Wind the bidirectional flow begins at 21:30 UT in the 1 and 2 MeV channels, and slightly after 22:00 UT in the lower energy channels, which are more bursty. At Geotail the bidirectional flow is not clear due to the foreshock environment.
[34] Wind measurements show significant variation in the particles streaming from the bow shock direction also after 21:30 UT. The modeled angle Bn BS at the connection site is highly variable as well. Although the bow shock acceleration efficiency depends on the angle Bn BS [Meziane et al., 2002] , as discussed in the previous subsection, the variations are best explained by the magnetosonic Mach number at the connection point (not shown). The more intense reflection corresponds to M MS ∼ 3-5.
[35] The bidirectional flow intensifies until the IP shock crosses the spacecraft location. For the last half an hour before the crossing, a loss cone type pitch angle distributions are seen by Wind, most evident in the 2 MeV channel. For the few minutes following the crossing, the Wind energetic particle distributions had a maximum at pitch angle ∼135°, i.e., the particles were now coming from both shocks located antisunward from the spacecraft.
[36] Wind observations near the shock passage are similar to the early ISEE measurements of an IP shock passage Figure 6 . Geotail energetic ion and magnetic field observations. Same quantities as in Figure 5 for Wind. Note that the energy windows are the same as in Figure 2 . The interval near the shock crossing with the largest intensities is omitted to allow the visualization of smaller features.
presented by Scholer and Ipavich [1983] . In their event, ISEE-3 was located near the L1 point, while ISEE-1 was close to the flank of the bow shock on the upstream side. The difference in the flux of low energy (30-157 keV) ions between ISEE-1 and 3 during the shock crossing is of the same order of magnitude as between Wind and ACE in the event studied here.
Acceleration Near the Intersection of the Shocks
[37] Let us consider the energetic particle observations of Geotail during and immediately after the IP shock crossing at 00:41:48 UT. The increase in particle intensity (Figure 2 ) is significantly larger than at Wind, and the peak has a different structure as well: Figure 7 shows the flux intensities between 00:35 UT and 00:50 UT on August 10. At low energies (E < 140 keV), the omnidirectional flux has its maximum 0-30 s before the shock crossing. Curiously, the higher energy particles peak ∼2 min after the shock passage.
[38] When we add directional information-the pitch angle cosine m = cosa distributions shown in Figure 8 and the flux of relevant sectors shown in Figure 7 -we can see that there are two separate maxima with magnitudes depending on the energy channel. Particles propagating in the magnetic field direction (purple lines in Figure 7 ) peak before the IP shock crossing. The gyrating ions with a ∼ 90°( not shown in Figure 7 ) have a maximum at the shock crossing for low energy ions and up to 2 min after the crossing for highest energies. They have very likely been accelerated at the IP shock.
[39] The flux of particles propagating opposite to the magnetic field direction (green lines in Figure 7 ) has a maximum at approximately 2 min after the shock at energies from 61 keV to 1.4 MeV. In fact, at the 140-910 keV energy range, the flux at these pitch angles is about as large as the flux at ∼90°pitch angles. Even at 910 keV-2 MeV, the anisotropy is still visible, but gyrating ions have significantly gained in relative intensity. Moreover, there seems to be a velocity dispersion at these large pitch angles-higher energy particles peaking before the lower energy particlesalthough this is at the limit of the temporal resolution of the instrument (7 s for the lowest energy channels, 98 s for the highest). As discussed below, we attribute this excess of high energy, a ∼ 180°, particles to have been accelerated near the intersection of the IP shock and the bow shock, to which Geotail was magnetically connected for a short time period.
[40] Figure 9 illustrates the result of our modeling of the IP shock propagation across the bow shock. For the position and shape of the bow shock, we use the model proposed by Merka et al. [2005] with upstream solar wind data provided by IMP-8 a few minutes before the IP shock crossing. IMP-8 spent the longest time upstream of the IP shock, and was not affected by the bow shock's foreshock fluctuations. The location of the bow shock subsolar point is x nose = 14.5 −2.7 +3.5 R E and the intersection with the positive Y GSE axis is y dusk = 29.1 −1.9 +1.8 R E . In Figure 9 , the upper limit has been drawn as an orange mesh and the lower limit as a violet surface. The magnetic field lines observed by Geotail (black lines and green arrows), though fluctuating, were on average connected to the bow shock dusk flank. For the IP shock (cyan triangular planes), we use the IMP-8 observation of n IMP = (−0.72, −0.20, 0.66) GSE , since that particular part of Figure 7 . Geotail energetic particle fluxes near the IP shock passage from both north and south ion heads of EPIC-ICS and five different energy channels. As illustrated by the inset giving the looking directions of the sectors, the (combined) average flux observed by sectors 4, 5, and 6 (green) corresponds to particles with a pitch angle a ∼ 180°, while the flux of sectors 12, 13, and 14 (purple) corresponds to a ∼ 0°. Black dashed lines show the omnidirectional flux. The vertical dashed lines are the same as in Figure 8 . the shock front hit the bow shock at the location of interest. In order to find the time window for the possible intersection of the bow shock, the IP shock and the magnetic field lines connected to Geotail, we propagate the IP shock at a velocity of 365 km/s (light cyan) to the upper bound of the model bow shock, and at a velocity of 310 km/s (dark cyan) to the lower bound.
[41] We find that at 00:42:40 UT Geotail was magnetically connected to the intersection of the upper uncertainty limit of the bow shock and the fast IP shock, and at 00:46:10 UT to the intersection of the lower limit of the bow shock and the slow IP shock (the two red dots). In other words, the connection took place between 00:42:40 UT and 00:46:10 UT, while the distance from Geotail to the intersection was between 21 and 44 R E . Hence we argue that Geotail magnetically scanned the shock-shock intersection region at some instant within this time interval.
[42] We then draw the corresponding interval of expected arrival times of energetic particles released at the intersection site (assuming m = −1) on top of Geotail's observations in Figures 7 and 8 . The expected delay between particles corresponding to the lowest and highest energy channels is estimated to be 31-65 s depending on the distance. It can be seen that the data are consistent with our hypothesis of acceleration due to the shock collision. Both the location of the flux maxima and their velocity dispersion match well to the modeled interval. Note that the observations are also Figure 8 . Geotail energetic particle pitch angle cosine distributions in the spacecraft reference frame close to the time of the IP shock passage. Note that the temporal resolution decreases with increasing energy: 7 s for 61.5-89.3 keV, 48 s for 89.3-913.2 keV, and 98 s for 913.2-3005.4 keV channels. The red dashed line shows the IP shock passage. The orange crosses connected with the dashed line depict the expected arrival times of particles coming along the magnetic field (m = −1) from the merging region of the IP shock and the bow shock. Uncertainty of both IP shock speed and bow shock location contribute to the interval: first set of arrival times correspond to fast IP shock and large bow shock, the second set to slow IP shock and small bow shock. Figure 9 . Modeling of the magnetic connection to the shock merging location. The orange mesh and the violet surface illustrate the two limit cases of the model bow shock location [Merka et al., 2005] . The cyan triangular planes depict the part of the IP shock front observed by IMP-8. The light plane has been propagated at v s = 365 km/s until 00:42:40 UT and the dark plane at v s = 310 km/s until 00:46:22 UT. The black lines illustrate the magnetic field lines observed by Geotail at those times. The red dots indicate the location where, at 00:42:40 UT(00:46:22 UT), the fast(slow) IP shock, the upper(lower) limit of the bow shock and the magnetic field line intersect. The locations of Geotail, IMP-8, and Wind are shown as black dots and the green arrows illustrate the frozen-in magnetic field observed by Geotail. consistent with the implication of our analysis that the flux should drop sharply after the arrival of these particles (see also Figure 2 ), as the spacecraft lost its magnetic connection to the IP shock that moved behind the bow shock.
[43] A possible mechanism for the acceleration and release of these particles is the collapse of the magnetic trap between the two shocks: Most of the particles are released from a magnetic bottle when its size decreases to the order of a few gyroradii of the particles. According to our analysis, this took place about one minute before the previously determined intersection times on the field lines Geotail is located. Since the gyroradius increases with the particle energy, the higher energy particles will escape the trap before the lower energy ones. In our event, this would add a few tens of seconds to the velocity dispersion between the MeV and the 70-keV particles. The increased dispersion and the earlier release time are still compatible with the observations. Moreover, the magnetic trap should be leaking already before its collapse. The fact that the peaks of the a ∼ 180°particle flux have a certain width instead of being strictly spike-like supports the collapsing trap interpretation.
Comparison of Energy Gain
[44] Given the data, it is evident that the particles influenced by both shocks gained more energy than the particles accelerated by the interplanetary shock only. We can estimate how much energy the seed population particles (seen by ACE) gained from the shock-shock interaction process using Liouville's equation. We use the following approach since the observed spectrum of the energetic particles is quite featureless, i.e., there is no pronounced feature whose propagation we could follow.
[45] According to the Liouville's equation df/dt = 0, i.e., the value of the distribution function f stays constant following the motion of the particles:
Here r = r(t; r 0 , v 0 , t 0 ) and v = v(t; r 0 , v 0 , t 0 ) give the trajectory of the particles in phase space defined by the initial values r 0 , v 0 , and t 0 .
[46] Let us assume that, at a certain time, we observe at a given momentum p a an amount of particles given by the value of the distribution function f = f a . At a later time, the observed amount at the same momentum has increased to f b . According to equation (1), these particles should originate from that part of the phase space where the population had the same value of the distribution function as the observed one. Therefore, if the spectrum of the particles is given by f ∼ p −g , we can estimate that the particles f b were accelerated from a lower momentum p b , so that
Using the energy E ∼ p 2 and the flux intensity I ∼ p 2 f instead,
Thus, given the spectral index g and the increase in intensity with respect to the seed population of the IP shock, we can calculate the energy E a of the particles that have undergone shock-shock interaction, in terms of the energy of the seed population E b .
[47] Naturally, this approach is unsuitable if there are other sources of energetic particles. In the event described here, however, the leakage from the magnetosphere is unlikely due to the very quiet conditions (Dst between −25 nT and −5 nT, AE ] 100 nT).
[48] Figure 10 shows the spectra of energetic ions measured by the different spacecraft right after the tangential discontinuity (plus signs), and at the IP shock crossing (circles). The Geotail spectrum at the peak intensity is also shown (crosses). ACE observations stayed almost constant with the spectral index in momentum g ∼ 8. This static nature is consistent with our previous discussion concerning the weakness of the IP shock. The spectra from Wind and Geotail after the TD were very close those of ACE, as expected. At the IP shock crossing, these had shifted to the right, as the particles had gained energy from the shockshock interaction. The spectrum measured by Geotail was somewhat softer than before. Figure 10 . The measured spectra of energetic ions plotted as distribution function f versus momentum p. ACE observations in red, Wind in blue, and Geotail in two shades of green. Plus signs correspond to measurements right after the tangential discontinuity, while circles correspond to the interplanetary shock crossing. Crosses correspond to the peak intensity at Geotail ∼2 minutes after the IP shock crossing. The dashed line of p −8 is drawn to guide the eye.
[49] In order to the estimate the energy gain, let us consider the energy channels in the range 0.2-2 MeV. We denote the seed population energies by E A , as they are given by ACE flux measurements after the TD. We estimate (equation (3)) that the flux maxima observed by Wind at the IP shock crossing correspond to the energy of the particles having increased to ∼1.5 E A in all channels. At the intensity peak measured by Geotail shortly after the IP shock crossing the increase was ∼3 E A in the lower channels and ∼2 E A in the higher channels.
[50] When the IP shock crossed Wind, the particles trapped between the shocks were undergoing first order Fermi acceleration. Yet the shocks were still quite far apart -tens of ion gyroradii-so the energy gain was relatively small. However, Geotail observed the particles as they were released from the magnetic trap between the shocks. We conclude that the energy of the particles escaping from the collapsing trap was 2-3 times higher than of those interacting only with a single shock.
Discussion and Conclusions
[51] Previous observations of particle acceleration in shock-shock collisions have been mostly indirect; the interaction of CMEs, for instance, has usually been inferred by combining LASCO white-light coronagraph images with radio observations (for a recent summary, see, e.g., Lugaz et al. [2008] ). In the chromosphere, Narukage et al. [2008] have discovered three successive Moreton waves generated by a single flare using Ha images. The second shock caught up with the first and merged with it. Similarly to CME interaction studies, the collision between the Moreton waves was accompanied by a sudden enhancement of the radio signal. However, pointing out the exact source region of the radio emissions in this manner is very difficult [Reiner et al., 2003; Richardson et al., 2003 ].
[52] In the event described by Scholer and Ipavich [1983] [see also Kennel et al., 1984] , the magnetic geometry was different from the one studied here: First, the change in the IMF direction at the IP shock was large, from quasi-radial to southward. Second, the ISEE-1 spacecraft was very close to the bow shock and on the dawn flank. In fact, ISEE-1 was not connected to the bow shock during the half hour following the IP shock crossing. Consequently, it was not possible to observe particles accelerated at the shock-shock intersection. To our knowledge, we report the first direct, in situ measurements of accelerated particles that have been released from a magnetic trap but a moment before the two space plasma shocks collided.
[53] Gómez-Herrero et al. [2011] have recently reported on STEREO observations of several CIR events, where an ICME was observed near the CIR by one of the spacecraft, but not by the other. The differences of the maximum hundred-keV range energetic particle flux intensities between the spacecraft were typically 1-2 orders of magnitude. In the observed interaction events, either one or both of the CIR shocks had formed already at 1 AU, and in some events the flux maxima could be associated with these. However, in some of the events, neither shocks nor developing shocks could be related to the maxima. Based on our measurements of the enhanced particle acceleration, we propose that these latter flux maximum differences, similar in magnitude compared to ours, could be signals of interaction (trapping of particles) between the CIR and the ICME shocks beyond 1 AU. Naturally, a more detailed analysis of global (magnetic) geometry of the events would be required to verify this.
[54] In summary, we have presented detailed multispacecraft observations of the interaction between a weak IP shock and the bow shock of the Earth during quasi-radial IMF geometry. After crossing a tangential discontinuity, the spacecraft moved into a flux tube that was filled with a seed population of energetic particles accelerated by the IP shock. Since ACE was connected to the IP shock but not to the bow shock during the event, the seed population could be characterized by its measurements. A notable feature was the flatness of the flux intensity profiles for the whole interval from the TD crossing to the IP shock crossing.
[55] During the first part of the event, Wind at X GSE ∼ 78 R E observed several particle bursts of up to a few MeVs coming from the bow shock direction. According to our analysis, the spacecraft was connected to the quasiperpendicular part of the bow shock at these times, so the bursts consisted of particles of the seed population that had undergone reflection at the connection point. Later, the spacecraft became continuously connected to the bow shock, and measured an increasing flux until the IP shock crossing, as the particles trapped between the two shocks were undergoing Fermi acceleration.
[56] Geotail was located closest to the Earth and was near the edge of or within the foreshock of the bow shock. Since it was inside the magnetic trap between the two shocks for the longest period of time, the measured flux increase and peak intensity were the highest. Furthermore, immediately after the IP shock crossing Geotail observed a burst of very high energy particles propagating sunwards. Based on the velocity dispersion of the burst and our analysis of the geometry of the two shocks, we claim that these particles had been released from the trap as the shocks collided. We also estimate that the shock-shock interaction had increased their energy to 2-3 times the energy of the seed population produced by the IP shock.
